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学显微镜、扫描电子显微镜（SEM-EDX）技术，研究了不同 Cd 浓度处理下（0 ，
0.5，2.5，5mg L-1），桐花树解剖结构对 Cd 胁迫的响应变化；采用渗透离心法分
离亚细胞组分，分析了不同 Cd 浓度处理下，Cd 在桐花树中的亚细胞分布特征。
以求探讨桐花树对 Cd 胁迫的解剖结构响应变化规律及剖析 Cd 在红树植物体内亚
细胞分布特征与 Cd 耐性之间的关系。研究主要结论如下： 
1．Cd 胁迫诱导了叶片的“旱生化”解剖结构特征。Cd 0 ~5 mg L-1 范围内，
桐花树叶片近轴端和远轴端角质层随 Cd 处理浓度的升高而显著增厚。Cd 0.5 
~5mg L-1 范围内，上表皮的厚度与叶片厚度的比值亦呈逐渐增大趋势。在 Cd 0 
~2.5mg L-1 范围内，Cd 对近轴端、远轴端下皮组织和栅栏组织没有显著影响，叶
片随 Cd 处理浓度的升高逐渐加厚，一定浓度的 Cd 促进了叶片的生长。但在 Cd  
5 mg L-1 处理条件下，近轴端下皮组织和叶片的厚度显著下降，叶片的生长被抑




2．Cd 0~5mg L-1 范围内，根系表皮、外皮层、内皮层的相对厚度随着 Cd 处
理浓度的升高显著增加。Cd 0~2.5mg L-1 范围内，皮层相对厚度没有明显变化。
但是在 Cd5mg L-1 处理组，皮层和根直径的厚度显著下降，这说明高浓度 Cd 抑
制了根中细胞的分裂和生长，Cd 毒害作用在根部体现。Cd 胁迫使外皮层、内皮
层以及木质部的栓质化和木质化程度加深，根系透性降低。在低、中 Cd 处理浓
度下，桐花树根系表现较强的抗性，但是超过一定的 Cd 浓度时，Cd 对根的毒害
作用加强。 
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同 Cd 处理浓度下，根中 Cd 含量远大于茎和叶，根是桐花树累积 Cd 的主要器官。
各器官（根、茎、叶）Cd 含量均随着 Cd 处理浓度的升高而增加。 
4．SEM-EDX 原位分析 Cd 的组织分布结果显示，从根表皮到根中柱，Cd
的含量变化呈现先上升后下降的趋势。Cd 的含量在根系外皮层细胞中达到 高
值，然后在皮层中显著下降。中柱木质部细胞 Cd 的含量显著低于内皮层细胞。
这说明外皮层和内皮层结构的存在，可有效降低了 Cd 的吸收和运输。 
5．Cd 在根尖的亚细胞分布结果显示，质外体是根尖累积 Cd 的主要部位，
共质体组分中的 Cd 只占总 Cd 含量一小部分（6.7~8.4%）。质外体组分中，大部
分的 Cd 与细胞壁结合，占总 Cd 含量的 90%以上。细胞壁中 Na3citrate 提取态
Cd 含量 高（>60%）BaCl2 提取态 Cd 含量其次（>20%），HCl 提取态和残渣态
Cd 含量很少，Cd 在细胞壁中主要以稳定的结合态存在。随着 Cd 处理浓度的升
高，桐花树根尖共质体组分中的 Cd 含量占总 Cd 比例下降。Cd 胁迫下，更多的

















The anatomical features of roots and leaves play an important role in the 
regulation of uptake, transport and transplant of heavy metals. And the heavy metals 
will change their toxicity when combined with other component in the cells. However 
the anatomical responses to heavy metals and the sub-cellular distribution of heavy 
meals of mangrove plants are rarely reported. Therefore, Aegiceras corniculatum 
seedlings which are common in Fujian province were used for pot experiment treated 
with Cd (Cd concentrations: 0, 0.5, 2.5, 5 mg L-1) in the greenhouse. The anatomy of 
A corniculatum were investigated using optical microscopy and scanning electron 
microscope (SEM-EDX); we used a centrifugal method for extracting different cell 
components to detect the subcellular distribution of Cd. The aims of this research are, 
therefore, to investigate the relationships between plant anatomy and Cd distribution 
and localization in mangrove seedlings, in order to provide new evidence regarding 
metal tolerant mechanisms in mangrove plants. 
The main results were as follows: 
1. Cd induced a xeromorphic feature in the leaves of A corniculatum. The 
increase of epidermis and cuticle thickness might be a response to the ‘physiological 
drought’ caused by cadmium stress. Upper and lower cuticle thickness increased with 
increasing Cd concentrations in the nutrient solution. And the cuticle to leaf thickness 
ratio had the same tendency. Epidermis thickness showed the highest in Cd 5 mg L-1. 
However, Cd decreased the thickness of upper hypodermis which supposed to be the 
water storage tissue in the highest concentration Cd 5 mg L-1. Thus, the capacity for 
the water storage of leaves was weakened. Palisade tissue to leaf thickness increased 
with increasing Cd concentrations. On a certain cadmium concentration range, the 
leaf thickness increased as Cd concentrations increasing. But it decreased in a higher 
Cd concentration (5 mg L-1) due to the cadmium toxicity. On the contrary, palisade 
tissue thickness increased remarkably in Cd 5 mg L-1. Palisade-spongy ratio increased 
with increasing Cd concentrations. The leaf anatomical features of A corniculatum 
still enabled photosynthesis. The diameters and numbers of the xylem in the leaves 
were reduced by Cd. It decreased the water transport efficiency, however, reduced the 
















2. Root epidermis, exodermis and endodermis relative thickness increased with 
increasing Cd concentrations. The cortex thickness and root diameter reduced 
significantly in higher Cd concentrations. It indicated that Cd stress inhibit the cell 
growth and division at high level. Significant increases of lignification and 
suberization within exodermis, endodermis and stele were observed in roots. These 
anatomical changes enhanced the safety of ions uptake.  
3. The Cd content of organs (roots, stems, leaves) increased with increasing Cd 
concentrations. The accumulation concentrations of Cd in different parts of Aegiceras 
corniculatum seedlings can be ranked as follows: root > stem > leaf. It indicated that 
roots were the main cites for cadmium localization and they restricted the cadmium 
translocation from roots to shoots.   
4. The results obtained from SEM-EDX in situ analysis indicated that the exits 
of endodermis and exodermis reduced the uptake and accumulation of cadmium in 
roots. Cd relative concentration was highest in the exodermis and it decreased in the 
cortex gradually. Cd concentration decreased significantly from the endodermis to the 
xylem tissue.  
5. In the fraction of Cd compartmentation we found that the total root-tip 
contents of Cd mainly distributed in the apoplast and the most of Cd in the apoplast 
was bound to cell wall (above 90%). The Cd content of symplastic components 
accounts for a small part (6.7~8.4%). Most of the cadmium form bound to cell walls 
was Na3citrate-extractable（>60%）, it indicated that cell wall cadmium binding form 
was stable. In our study, the ratio of Cd in the symplast was found to be reduced with 
with increasing Cd concentrations. Maybe more Cd was bound to the non-cytoplasm 
tissues when plants were exposed to heavy metals. It would help alleviate the Cd 
toxicity to some degree. 





































红树植物本身对重金属有较高的耐性。Walsh 等 1979 年采用人工模拟室内土培
研究多种重金属对大红树（Rhizophora mangle）幼苗生长的影响，发现大红树对
重金属 pb、Cd 和 Hg 的耐受浓度分别高达 250、500、1000 ug g-1 时，并未见明
显受害症状[12]。Thomas 等（1984）[17]发现在砂培条件下，红树植物红茄苳(R. 
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陈荣华和林鹏（1989）[14]研究发现 1 mg L-1 Hg 对秋茄（Kandelia obovata）、桐
花树（Aegiceras corniculatum）和白骨壤（Avicennia marina）这三种红树种苗的
生长没有表现毒害作用，10 mg L-1 Hg 仅影响了桐花树和秋茄的萌芽时间；说明
红树种苗的萌芽生长对 Hg 具有较高的抗性。郑逢中等（1992）[15]研究表明秋茄











Athyrium yokoscens 的细胞壁中积累有大量 Zn、Cu 和 Cd，含量可达整个细胞
总量的 70~90％。MacFarlance 和 Burchett（2000）[19]认为白骨壤具有通过重金
属离子与细胞壁上的多聚半乳糖醛酸和碳水化合物形成沉淀，降低细胞质中自由
的金属离子浓度，阻止金属离子对植物正常代谢干扰的解毒机制。Olfa 在对亚麻
的研究结果显示 Cd 污染情况下，植物根系细胞壁增厚，果胶交联度增加，使 Cd
分隔在细胞壁空间中，远离原生质[20]。植物通过将重金属离子转运区隔入液泡中，
降低了细胞质中重金属离子水平，也是提高重金属耐受性的重要机制。Wang[21]
在模拟烟草液泡中 Cd 的化学状态时发现，液泡内的 Cd 与无机酸根能形成磷酸



















第一章  前言 
 
3 
不受损伤[23]。吴桂荣[24]的研究显示，在一定的 Cd 浓度范围内（0.5~20mg kg-1），
桐花树幼苗根和叶中 SOD、POD 活性均显著提高，表明桐花树幼苗对 Cd 有一
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